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AB8SBACT 

Driver/vehicle response and performance of a variety of vehicles in 
the presence of aerodynamic disturbances are discussed. Steering control 
is emphasized. The vehicles Include fulx size station wagon, sedan, com- 
pact sedan, van, plcxup truck/can^jer, and wagon towing trailer. Driver/ 
vehicle analyses are used to estimate response and performance. These 
estimates are correlated with full scale data with test drivers and the 
results are used to rofine the driver /vehicle models, control structure, 
and loop closure criteria. The analyses and data indicate that the driver 
adjusts his steering control properties (when he can) to achieve roughly 
the same level of performance despite vehicle variations. For the mo^-e 
disturbance susceptible vehicles, such as the van, the driver tl^tens up 
his control. Other vehicles have haiidling dynamics tdiich cause Him to 
loosen his control response, even though performance degrades. 

laSRQDUCTlOE 

Past reports of drive r/vehicle studies at STI have emphasized system 
structure, d o mi n a n t (inner loop) driver control properties, and correlations 
with simulator and full scale response and performance date (e.g.. Refs. 1-5). 
Recent drive r/venicle analyses have involved a wider range of vehicle handling 
propi?rties, and the cc rresxx>nding full scale data have provided a better appre- 
ciation of the factors involved in estimating outer loop closure and path per- 
formance properties. These res^olts are illustrated here following a brief 
backgrr 'jnd sujcnary. 


AaauBgptloaa and Analytical Approach 

The analyses i» vclve the application of an empirically- founded theory of 
driver control which is based on the more general manual control theory. 
These theories and models take into account a combination cf: 

*This work was accomplished in part under DOT Contract KK-n-7570, 

^Senior Research Engineer and Principal Research Engineer, respect? /e.l* 
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• Guidance and control requirenents related to good 
stability and path following, regardless of the 
type of controller 

• Driver-centered requiroaents which account fbr the 
preferences and lioiitatloiis of the human driver 

The driver responds to a composite of visual stimuli derived from the full 
visual field. These stimuli are selected such that the drlver*s control 
action serves to fVilfill the guidance and control needs of the driver/vehicle 
system. Typically this meems that more than one feedback loop will operate 
simultaneously (e.g., heading ctngle and lateral position), resulting in 
multiloop control* 

The driver's response can be modeled using a quasi-llnear model which 
couslsts In general of three components; a set of describing functlo;is with 
parameters vdilch depend on the system and situation; a set of rtales which 
tell how to adjust the parameterc ; and an additive remnant. 

The rationale of drlvex equalization can be discussed most slr^^ly by 
using an approximate "crossover model" (e.g., Ref. 6). Experimeiita^ data for 
a wide variety of both single and multlXoop situations lead to the conclusion 
that the driver adjusts his describing function, Yp, in ecu;h loop such that 
the open loop function, YpYo comprising the effective vehicle d^fiamics, Y^, 
and the driver in the vicinity of the gain crossover frequency, (Dq, for that 
loop has the approximate fom: 


Ve 



( 1 ) 


Here T is an effective pure time delay vAiich includes the neuromuscular 
dynamics as well as any net high frequency vehicle lag. The crossover f^- 
quency (cu^) is the product of the driver and vehicle gains. In oultiloop 
situations the effective contro'*'*ed element dynamics, will include the 
effects of all the other loops closed. The form of Sq. 1 eaptaasizes that the 
driver characteristics in each loao are tailored to the specifics of the 
control situation and the vehicle. 
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The r*nrant la that part of the driver's output which is not linearly 
correlated with the ii^t, and its major source appears to he nonstationarlty 
in the driver's behavior. Wuen the driver's output is treated as a power 
spectrum the remnaRt car be comildered as a driver-inducf * * random 

"noise" injected at the driver's output. Fbr vehicle conti^ situations 
involving reasonable handling dynamics the resuiant will i,e small compared to 
that part of the driver's response involved in regulating against the exteroea 
disturbance. For that reason it can often be neglected in making performance 
estimates and comparisons. Seme e/idence of reoooant is seen in the ful . 
scale comparisons, shown subsequently. 

As noted, multUoop control Involving more than one feedback stimulus is 
ap:>roprlate to satisfying guidance and control, and drlver-oentered, require- 
ments. Prior research (e.g.. Refs. 1-5) has shown that the system of Fig. i 
is representative. This involves a primary feedback loop of vehx^le heading 
angle (t), plus an outer loop of lateral deviation (y-). These perceptual 
cues are operated on hy the driver describing functions (Yjy and Yp^) 
produce a steer angle correction (6v)- 
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Figure J. Driver/Vehicle Syclem Block Diagram 


The driver describing functions in Fig. 1 can be quantified by using 
a sequential application of the crossover model; beginning with TCp^Yc in 
the inner loop and then considering YpyYc in the outer loop, where Yc 
denotes the effective vehicle dynamics with the heading feedback 

closed. 


Vsiilele Dyosniics 

The controlled element (vehicle} dynamics are a major task variable. 

The lateral-dll^ tioQttl properties pertinent to steering control were 
modeled using 3 degree of freedom linear equations of motion. For a 
single vehicle the variables are: 

• Lateral velocity ^v' 

• Heading rate (r) 

• Roll angle (p) 

Two additional degrees of freedom result when a towed trailer is added, l.e. 

• Trailer tow angle (u) 

• Trailer roll angle (p^.) 

The equations of motion and corresponding tr'uisfer functions were quantified 
using chassis and tire data and verified by full scale teste. The resulting 
h?adlcg angle and lateral position transfer functions are given iu Table 1 . 
The vransfer functions are; 


♦ 

sj “ — 

^ s^A 


Rote that the denomiiiator free s terms ere nov <«hown in the table for 
sioplicity. Further details on the equations and velu.c2e properties are 
given in Bef. ?• 
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TABLE 1 . SUMMARY OP VEHICLE TRANSPER FUNCTIONS 


VEHICLE 

TRANSFER FUNCTION POLYNCML 


HEADING NUMERATOR, 

skI 

LATERAL DEVIATION 

NUMERATOR, S^ujl 
> bw 

DENDMINATOR, A 

1972 Wagon 

22(3.8)[.22, 10.7] 

li(7.0)[.50, 8.0][.0i, 8.7) 

.55[.70, 4.1*1(.2U, 11.31 

1972 Wagon 
Plus Trailer 

92(5.1 )[. 26, 4.U] X 
(.16, 8.3U.I8, 10.2] 

7iO[.27, ^.7K.29, 6.9] X 
[.07, 8.2][.J5, 8.3] 

^[1.0, 3.2][.2l*, U.i] X 

(.16, 8.3][.23, 11.0] 

Con»pact Sedan 

2.6(2.2)r.55, 15.2] 

2i[.l3, 7. 511.20, 7.5] 

.2U(.73)(L.i)[.62, 16.6] 

Truck/Camper 

21(U.1)[.21, 4.7] 

1‘*(5.0)[.17, 4.7K.15, 6.3] 

.75[l.O, U.0][.i5, 4.6] 

1972 Sedan 

31(4.0)(.2, 9.8] 

270[.33, 7.7][-.03, 8.1 ] 

.41 [.53, 6.2][.43, 15.9] 

Imported Van 

6.7(‘*.8)[/^2, 

7ii[.17, 9.0K.18, 9.2] 

.37[.64, 4.61C.48, 13.3] 


The shorthand notation for polynomial factors is: A(s + a) i' •■•.Titten A(a)j 

A[s2 + 2 i(x>a * 0)2] ia written A[C, us] 

































Figure 2. Drlver/Vehlcle Response Properties for Heading Control, 

1972 Station Wagon at 60 argh 
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the vehicles ahown In Table ) the required equalization can be 
accounted *'or In Yj>^, and the driver time delay^ t, can be Included there, 
also, by virtue of the *’oerlea” structure in Pig. ), The effective forcing 
iMnctlon bandwidth resulting from a typical aerodynamic dleturlNme le 
about 1 rad/sec for the vehicles shown in Table 1, 

Drlver/Vehlele Beapoae# AMOyaee 
and Full Scala Compariaona 

The procedures and tnci ’ 'outlined above were used to estimate the 
’•espon'je and performance of th several drlver/vehlcle syetems in the 
presence of a bus-induced aero mamlc disturbance. In the dlscuaslon the 
analytical results are shown, t en ".he computed performance results are 
compared with the recorded full -ale time responses. The 1972 station 
wagon is treated first in som.* detail, as ths base case. This is followed 
by the results for the other vehiclei). 

137g_ Station Wa^n Tue driver/ vehicle response properties (Vp^Yc) 

for the heading loop are shown in Fig. 2. A root locus plot Is on left 
and a frequency response (Bode) plot Is on the right. The vehicle dynamics 
are taken from Table i , A suitable Fade approximation la used 
for the driver time delay term, The nominal r99ult In Pig. 2 Is for 

driver lead equalization (T^) of O.iU sec and a net driver time delay of 
sec. The amplitude ratio of the frequency response plot shows that 
th^ lead of O.iu 39c satisfies the equalisation needs of Bq, | and nuUcoS 
the .lope -20 dB/dec (corresnondlng to |K/Ja>|) in the mid frequency region. 
For this amount of driver lead equalization and no disturbance Input the 
driver time delay (to) is about 0.3^ to O.h nee; and the corresponding cero 
phase margin crossover frequency, cuc^, la aoout i*,2 rti/sec. The presence 
of the disturbance Increases the driver's neuromuscul ar tension and reduces 
T tc about 0.? sec; resulting in about deg phase margin (4^) and ^ dB 
gain margin for the same crossover frequency, *• U.2 rad/sec. The 

nominal driver describing function in the heading loop for the 1972 station 
wagon becomes; 

Vp* * .79(.lUju) + (2) 
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In practice, a high frequency lag (Tx ■ O.Oi, say) can be used to cos^lete 
the eq*4allser« 

Heading and roll 'Nsodes'* are ebown on the root locus of Pig, 2* Ttiese 
refer to the roots of the vehicle oharaeUri^itlc equation, and they are 
associated with the eorresponding heading and roll dyiMsales of the basic 
vehicle. For exasqple, the natural frequency and damping ratio of the roll 
mode is determined largely by the springs, shock absorbers, and sprung mass 
inertial properties of the vehicle. 

The effect of ohanging the driver's respoiiss propsrtles can bs Inftrrtd 
from Fig, 2. Decreasing driver lead equalisation will result In a dscrease 
in crossover frequency for constant stability margins. This will reduce 
closed loop syetem bandwidth and degrade performance, gimilar results occur 
for Incrsasod driver time delay, or with increased lag from the vehicle's 
dynamics. 

Closing ths heading loop, above, is the first of two analytical steps. 

It rssults in an opsn '^outer loop** effective controlled element (Y^) vblch 
Is to be ecmibined with the driver 'e describing function for lateral devi«tioo 
control (Ypy), Closing this outer loop by again applying the crossover model 
of Bq, 1 is ths sscond stsp. The opsn outer loop wyetem block dlegrem is 
phown in Pig, 3* The driver/vthlcle response propsrtles for lateral 
deviation control are shown in Pig, 



figure 3, Block Diagram for Analysis of 
Lateral Deviation Control 
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Plgura Driv»r/Vahlcl« Rciponae Proptrtlaa for Utaral Davlation Control^ 
1972 Station Wagon at .60 nph 




The freqaericy response shows a oad region of K/Ju>llXe amplitude 
ratio which will allow the driver to > > proportional control and vary 
his lateral deviation loop gain (Kp^^ ever a conaiderahle range d ending 
on his closure criteria. 

Selection of the outer loop crossover frer*ency (cucy) in Fig. U can 
depend on several factor-. Wlthlr. limits, hl^er crossover frequencies 
give a wider drlver/vehlcle system bandwidth which improves perfoiTiance 
by reducing lateral deviation error. The penalty associated with this is 
an inci'ease in driver wor)Joad, and he will (when he can) adjust to some 
level of control which gives acceptable lane keeping perfonnance. If the 
. 1 * 0 ^ 50 ver frequency becomes too high performance will deteriorate because 
of reduced path damping and stability margins. For some vehicle handling 
dynamics, the quality of the response becemea poor for crossover frequencies 
well below the stabllitj limit, as a result of undesirable interaction between 
the directional inodes. In summary, the driver will increase his level of 
activity (crossov' r frequency) to achieve \.he desired level of performance, 
as long as he does not encounter undesirable vehicle handling properties in 
the process. 

In view of these factors, the estimated value of cucy becomes 0.U6 rad/ see, 
which corresponds tr Ypy ^ 0.00^ rad/ft for this vehicle. Larger values of 

would uct reduce the stability margins but they would result In poor 
response qualities, as follows. Consider the effect of increasing ^he cross- 
over frequency in Fig, U. For low value* of wcy, the lateral deviation and 
heading mode roots are well separated o.^ the root locus, resulting in rela- 
tively simple response qualities which art dominated by the lateral deviation 
mode. As o:cy increased, the closed-loop roots of the lateral deviation 
and heading modes approach each other. This results in a more compltx, 
fourth order disturbance response, consisting of a combination of the two 
moaes. Physically this means that the pra^-tica-i region of control is 
restricted by an undesirable interaction of lateral deviation and heading 
loop modes, although the region of stable control is large. 

The disturbed vehicle's sensitivity to aerodynamic Inputs also affects 
the driver's outer loop control effort. More sensitive vehicles require 
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hi^r crossover frequencies to maintain a given rangt of perfornafice . The 
station wagon is relatively ineensltlve eo this factor did not override the 
response quality considerations described sbove, 

The estimated driver/vthicle response characteristics^ plus the aero- 
dynamic distuybanee data of Ref. 8, were used to cosq^te the driver control 
and vehicle motion time responses for a given situation, Gosiparisons of 
such cumputed results with corresponding full scale data art given in 
Fig. The test conditions Involved the 1972 station wagon passing an 
intercity but in about a *-80 deg erosswind at a speed of 7 npb (hue 36 and 
wagon 63). The nominal (undisturbed) bus-vehicle centerline separation was 
about 12 ft. In the fall scale data of Pig, the mean ffont wheel steer 
angle is given by Uq is the station wagon speed, r is the heading rate, 
and |WV| and 3 ^ are the magnitude and angle of the wind relative to the 
moving car, lateral deviation of the station wagon relative to its 
nominal lane centerline is given by y^* The data derive from the Ref. T 
study. 

The lateral deviation results show excellent agreement, as do the low 
frequency variations in driver steer angle. The higher frequency remnant 
in steer angle, by, and heading rate, r, occurs at the inner loop cross- 
over frequency. As discussed, driver retanant can be included in the driver 
model when desired, but its effects on performance art minimal, as illustrated 
by th« good match between the analytical and full scale lateral deviation 
time histories. This agreement in the lateral deviation conqparieon confirms 
the choice of outer loop crossover frequency shown in Fig, U, ■ 0.1^6 rad/ 
sec, 

^ Addition of the single axle travel trailer 
to the station wagon had a considerable effect on both the baeic handling 
dynamics and the rtsj^onse of the driver/vehicle eyetem to a bus-indueed 
disturbance, 

Root locus and frequency response plots of the heading loop driver/ 
vehicle dynamics are shown in Pig. 6, Cosqpared to the station wagon alone, 
the main effect of adding the trailer is to increase the mid frequency phaee 
lag of the vehicle dyTUHoies (Yg) ^ch tends to reduce the attainable driver 
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Figure ^>. Comparlaon of Analytical and Pull Scale Re suit 8 , 
Station Wagon Biasing Intercity Bus 
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oroasover frequency* [The diffaranc# In aptad batwita 60 and 65 apb has 
only a aoMill affaot on tha vablela dynaalea, ] Application of tlia previously 
diaeuaaad driver nodal rules raaultad in a heading loop driver lead (Ti,) at 
0«33 sac, and a driver tisM delay (t) of 0.9 sac. Comparison of open 
loop beading roote of the station wagon (Fig* ?) with tha wagon plus trailer 
(Fig. 6) ^owe that tha trailar results in two additional nodes (trailer 
roll and tow angle). Tha trailar tow angle node is seen to be light Jy damped, 
and this causae the initial instability as tha driver Increases his Inner loop 
crossover fTequenoy* Bote that the station wagon heading node reoairs quite 
well damped for all values of driver gain* Physically this maans th«t the 
driver nay ba reXat 4 ./aly unaware of large oscillations of the trailer. This 
analytical intas*pretation was borne out in the AiU scale tests where tne 
driver oonnents indicated he was unaware of the typically large traUer 
oscillations* 

The characteristics of the outer loop driver/vehicle response properties 
for the wagon plua trailar ara shown in Fig* 7 , Again, sinple gain control 
(Kpy) is adeqiiate in the outar loop, and the croatover fraquancy (wcy) 

United by the vehicle's bandlii^ dynsnics* 

An exanplt conparlson of fVULl scale data and analytical results for zero 
erosswlnd is shown in Fig, 6, and the agreenent is seen to be quite good. The 
tow angle is n. The lateral deviation trejectory* (Vi^) in Fig* 6 shows that 
the trailer tends to nove towards the bus in a sero erosswlnd condition, while 
the etation wagon alone (and all other teeted vehicXee) tended to cove eway 
from the bus in this wind condition* This difference results fren the eero- 
dynenic disturbance of tbe trailer* 

TiuBk/OsMBer * The driver/vehiele response properties of the tni/sh/canper 
ara glvan in Figs* 9 «U . Tha eysten surveya of the heeding end lateral 
deviation loops are presented followed by a time history of an analytical/ 
fun scale comparison. The trucH/camper heading loop closure (Fig* 9I is 
similar to tha wagon plus trailer (Fig. 6 ). The basic vthicle dynamics 

Vl* refers to deviation of a point Oii the rear bumpar of the trailer. 

This is done to account for the effbet of trailer tow angle on lateral 
deviation* 
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Figure 6 . Driver/Vehicle Response Properties for Heading Control, 
^ O Sts*- ion Wagon Plus Trailer at 65 mph 
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Figure 7 . Driver/Vehicle Response Properties for Lateral Deviation Control, 

Station Wagon Plus Trailer at 65 mph 
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Full Scale Data 
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Figure 8. Comparison of AnalsrticeJ. and Full Scale Results, 
Station Wagon Plus Trailer Passing Intercity Bus 
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Figure 10. Driver/Vehicle Response Properties for Lateral Deviation Control^ 

TrucK/Camper at 60 mph 
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figure 11. Goo!p€uriaon of Analytical and Full Scale Results, 
Truck/Camper Passing Intercity Bus 
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exhibit a lightly denoted mode lAlch tends to go mstable as a result of 
the heading loop closure. In the case of the ti ack/canper It la the roll 
mode which Is critical. This la probably a result of the high c.g. location 
and large mass to roll stiffness ratio of the japer* 

DisettSBlon — The drlvcr/vshlcle heading loop response of the van, com- 
pact sedan, and 1972 fall site sedan are all similar In form to the ’972 
station wagon. ISie driver res;?oii8e propesrtles for the other vehicles are 
susBuarlzed In Table 2. Details are given in Ref. 7. The lateral deviation 
response properties of the van, compact sedan, and 1972 sedan ar? similar 
to each other, lhaike the 1972 station wagon, t^ieir lateral deviation end 
heading nodes are well separated; hence the driver can use a higher cross- 
over frequency wiwhout producing undesirable qualities In the response. The 
outer loop closures were based on considerations discussed j^viously, ana 
this was consistent with the full scale lateral deviation data. The driver/ 
vehicle heading loop closures are seen to reflect fairly constant stability 
margins, in accordance with the driver model and tfoalysis procedures. The 
crossover frequencies and lewd equalization vary somewhat, depending oa the 
handling dynamics of the vehicle. 

The lateral deviation response properties sbowi in Table 2 vary consider- 
ably. The van shows low stability margins and hlgfc crossover frequencies, while 
Che 1972 station wagon is Just the opposite. As previously discussed, these 
variations depend on the aerodynamic and handling properties and reflect an 
effort on the part of the driver to achieve a desired level of performance. 

The performance of the several driver/vehicle systems is given in Fig. I2a for 
a bus disturbance in a deg crostwind conditlcn. In terms of peek lateral 
deviation (yx)« The differences in performance among the several vehicles 
generally follow the trend of the vehicle-alone gust susceptibility (Fig. 2b), 
although the variation is not as large. With two exceptions, the peak lateral 
oevlations f\re an in roughly the same performance band for a given crosswind. 
This relative insensitivity of overan performance to changes in the contirol 
task and situation is a famUlar result In the field of manual control. It 
reflects a constancy of ekUl. The performance insensitivity Is usuaUy 
achieved by the human controUjer’s adjustment of his response to offset 
deficiencies in the vehicle dj^namics (as wen as other changes in task 
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b) Crosswind Gust Suseept$bihty^ Vehicle Alone 

figure 1?* Effect of IHeturbed Vehicle Properi.les 
on Estimated Performance 
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vai tables ). The path performance (e.g., peak lateral deviation) is not 
the only element in thj driver's '^rformance criterion," however, c d 
other factors are taken into account. Hence variations in performance 
do occur, such as those evidenced in Wg. by the 1972 station wagon 
and the station wagon plus trailer. 

In the cases where these characteristics are r asonably nominal, the 
closures in Table 2 exhibit crossover frequenciej about 1 rad/sec and phase 
margins of about 60 deg (truck/camper, compact sedan, 1972 sedan). These 
outer luop closur-s (with 60 deg phase margin) give good path mode stabilltjr 
and overall performance, simple response qualities with constant closed locp 
0aBg>ing ratio across vehicles, and a reXat've insensitivity to changes in 
driver gain. The perforoance Is x>roportlonal to driver control effort 
(crossover frequency). Departures from the nominal lateral deviation 
response properties for the remaining th^^i vehicles can be suirmarizcd as 
follows: 

• The 1972 station wagon estimates exhibit a somewhat 
lower crossover frequency euid lax*ger jAiase margin in 
the laterca deviation loop. This is due to the unde- 
sirable interaction between the lateral deviation end 
heading modes which results as the crossover freqi»ocy 
is increased. 

• The large phase margin for wj*s station wagon plus 

trailer also results from an undesirable interaction 
between the lateral deviation and trailer tow angle 
modes as the driver increases the outer loop cross- 
over frequency (see 7)* 

^ The re^luced phase "nargln and increased crossover fre- 
quency seen in the van estimate is due to the large 
gust disturbance sensitivity which results in a high 
yawing moment. The analyses showed that aggressiv". 
closure of the lateral deviation loop tends to stabi- 
lize the heading irode which is being excited by the 
yaw disturbance. 

The driver/vehicle characteristics in Table 2 repr esent nominal results which 
art onsi stent wlt^ the fall scale data. 
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